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Abstract
River response to dam removal: the Souhegan River and the Merrimack Village Dam, 
Merrimack, New Hampshire 
Adam Jeffrey Pearson 
Advisor: Dr. Noah P. Snyder 
 The Souhegan River is a tributary of the Merrimack River that drains a 443 km2
watershed in southern New Hampshire. The lowermost barrier on the Souhegan River, 
the Merrimack Village Dam (MVD), was demolished and removed in August and 
September 2008. The modern MVD impoundment contained at least 62,000 m3 of 
sediment, mostly sand. Analysis of topographic and historical maps, and photographs 
suggests that approximately twice the area of what is now the modern impoundment has 
been affected by over 200 years of damming at the site. I use repeat surveys of cross 
sections and the river longitudinal profile, and sediment samples, to document the 
response of the Souhegan River to the MVD removal.  A base level drop of 3.9 m caused 
immediate incision of the sand-sized sediment and channel widening. The impoundment 
later segmented into a non-alluvial, bedrock and boulder controlled reach; and a quasi-
alluvial sand and gravel reach with erosion and deposition modulated by the presence of 
vegetation on the channel banks. One year after the removal, the Souhegan River has 
excavated 38,100 m3 (65%) of the sediment in the modern impoundment. The response 
of the Souhegan River was rapid and the channel and floodplain continue to evolve 
toward a quasi-equilibrium configuration. Continued response will be substantially 
influenced by the establishment of vegetation within the former impoundment and the 
magnitude and frequency of high discharge events.  
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1. INTRODUCTION 
Many small dams throughout the United States, and especially in New England, 
are old and a growing number of these aging small dams are physically deteriorating, risk 
failure, and in many cases are no longer economically viable. Doyle et al. (2003b) 
estimate that 85% of dams in the U.S. will be near the end of their operational lives by 
2020.  These factors, along with mandates to improve fish passage when some dams are 
repaired or rebuilt, can often make dam removal cheaper than continued operation and/or 
maintenance (Doyle et al., 2003b).  This observation has prompted many dam owners to 
consider dam removal, and dam removal is playing an increasingly larger role in river 
restoration (Hart et al., 2002; Doyle et al., 2003a ; Doyle et al., 2003b; Collins et al., 
2007; Marks, 2007).
 The upstream and downstream effects of damming rivers were first investigated 
in the 1970s and 1980s (Lagasse, 1981; Lillehammer and Saltveit, 1982; Petts, 1984; 
Williams and Wolman, 1984; Graf, 2005).  The most obvious upstream responses are 
floodplain inundation and a decrease in the velocity and competence of the river which 
causes sediment deposition. Downstream response is varied and difficult to predict, but 
some frequent responses include: reduced sediment loads (e.g. Hart et al., 2002, Pizzuto, 
2002, Doyle et al., 2003b, Grant et al, 2003); incision and armoring of the bed (Williams 
and Wolman, 1984; Hadley and Emmett, 1998; Pizzuto, 2002); increased vegetation in 
the riparian zone (Ligon et al., 1995; Hadley and Emmett, 1998); and changes in the 
flood regime (Williams and Wolman, 1984; Ligon et al., 1995; Nislow et al., 2002). 
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 Dam removal returns channels to a more natural sediment transport regime over 
the long-term (Pizzuto, 2002; Doyle et al, 2003a; Major et al., 2008), but the short- and 
long-term responses of channels to these projects—especially when substantial quantities 
of sediment are released—are not well known.  Few studies have focused on monitoring 
dam removals in a controlled setting (Pizzuto, 2002). Many existing studies are of dam 
failures, so no pre-removal data are available (Doyle et al., 2003a), and earlier numerical 
models were only able to address the short term impacts of a dam removal on a river 
system (Rathburn and Wohl, 2001).  
More recent numerical models are incorporating increasingly available dam 
removal monitoring data to better understand how the system will respond to the change, 
particularly sediment transport rates and patterns (Cui et al., 2006a; Cui et al., 2006b; 
Downs et al., 2009). Downs et al. (2009) demonstrate that modeling efforts that include 
careful calibration with field data can accurately predict how stored non-cohesive 
sediment will respond to dam removal. Continued long-term monitoring of planned 
removals, with pre- and post-removal data, for dams in a variety of settings that are 
differentiated by slope, drainage area, impoundment sediment type, sediment source, and 
discharge, will enable us to better predict and plan for fluvial response to dam removal 
over short and long time scales (Doyle et al., 2003a).
2
1.1 Objectives 
I study the response of the Souhegan River to removal of the Merrimack Village 
Dam (MVD) by (1) documenting morphologic changes, (2) measuring bed sediment 
grain size changes, and (3) calculating a sediment budget for the lower Souhegan River 
before, during and after the removal. Morphological changes could include narrowing or 
widening as the river erodes into the impounded, sand-dominated sediment. The grain 
size of the bed will change as the upstream velocity of the river increases. The sediment 
budget quantifies rates of channel adjustment and sediment transport in both the former 
impoundment and the downstream reach. Quantifying how a river responds to a dam 
removal will improve our understanding of fluvial response to these projects and guide 
restoration efforts in other rivers. 
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2. BACKGROUND 
2.1 River response to dam removal – hypotheses 
 Pizzuto (2002) provides a conceptual framework for studying channel response to 
dam removal. He hypothesized that channel incision will cause bank instability and 
eventual collapse into the channel. The bank sediment will then be reworked into 
floodplains and eventually the formation of a quasi-equilibrium channel. This process 
requires at least a decade. Pizzuto (2002) also discussed how incision of the legacy 
sediments will vary based on the grain size of the sediments (Figure 1). In cohesive silt 
and clay, a vertical head cut (an eroding vertical face in the stream bed) is likely to 
migrate upstream through the fill. Sand impoundments could be subjected to sapping as 
groundwater emerges at the base of an off-channel head cut, as well as other mass 
wasting processes related to liquefaction of sandy sediment. The most common process 
in sand impoundments would be for a knickpoint (an abrupt increase in slope) to migrate 
upstream through the impoundment. Mostly gravel impoundments could only be incised 
during high-flow events. For this reason, gravel fills are categorized as “event-driven” in 
Figure 1.
 Walter and Merritts (2008) studied sediments deposited behind colonial-era mill 
dams breached in the past 100 years. They suggest that once a dam is removed from a 
river, the channel incises into the impounded or “legacy” sediments, and then begins to 
widen. They found that bank erosion rates are 0.05 m/yr on many stream reaches 
4
upstream of 20th-century dam breaches. For instance, the Brandywine River in 
Pennsylvania widened 10 m from 1908 to 2007.   
   
2.2 Case studies of modern dam removals 
 Monitoring how river channels react to modern dam removals provides well-
controlled test cases to add to the observations of Walter and Merritts (2008) at historic 
dam breach sites. Recent, well-studied, controlled dam removals offer new insights into 
how rivers physically respond to these changes. Two studies summarized here evaluate 
response in two different types of river systems. 
2.2.1 LaValle and Rockdale Dams, Wisconsin (Doyle et al., 2003a) 
Doyle et al. (2003a) investigated two silt and clay dominated impoundments that 
included some sand, on the Baraboo and Koshkonong rivers in Wisconsin. The Baraboo 
River at the former LaValle Dam drains 575 km2 of the Driftless Area of southwestern 
Wisconsin, which is a region of unglaciated land that is characterized by relatively steep 
hill slopes and high relief. The slope of the channel varies from 0.0005 upstream of the 
former dam to 0.0002 downstream of the former dam. The Koshkonong River at the 
former Rockdale Dam drains 360 km2 in south-central Wisconsin, a low relief and 
glaciated region. The dam was located on a distinct break in slope (0.0007 upstream of 
the dam; 0.004 downstream). In both basins land use is primarily agricultural. 
5
 Doyle et al. (2003a) established several cross sections on both rivers within 
reaches 4-5 km upstream and downstream from the dams. The cross sections were spaced 
more densely closer to the dams where the greatest change was expected. They surveyed 
the cross sections at least once before and after dam removal; however, most cross 
sections were surveyed twice after removal. Sampling sites for water discharge and 
suspended and bed load sediment collection were established at several cross sections 
upstream and downstream of each dam site.  
 The Baraboo River initially flushed much of the impounded fine sediment (46% 
sand, 41% silt, 13% clay) downstream and began incising the length of the reservoir 
deposit within a week of the LaValle Dam removal. Channel incision caused slumping of 
channel banks near cross sections closer to the dam. Bank slumping was rare throughout 
the reach and a majority of the sediment on the banks stayed in place resulting in little to 
no widening. Bed degradation and deposition along the channel banks occurred over a 
period of 13 months.  
The Koshkonong River also flushed much of the fine sediment (36% sand, 45% 
silt, 19% clay) from the reservoir, but channel formation did not occur until after the 
initiation of a head cut. The head cut migrated upstream at an initial rate of 10 m/hr over 
the first 24 hours and then slowed in the following weeks, moving 40 m per month over 
11 months. Flows upstream of the head cut were insufficient to erode the cohesive fine 
sediments or underlying coarse sediments. Downstream of the head cut the river was 
competent enough to erode and transport the available sediment. The channel incised and 
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Figure 1. Speculative relationships among the height of reservoir sediment fill, 
the dominant grain size of the fill, and different processes of incision. Erosion of 
gravel depends on high-flow events; therefore these incision processes are 
“event-driven.” Erosion of sand and of silt and clay do not depend on high-flow 
events, but rather on the mechanism of incision; therefore, removal of fills of sand 
and of silt and clay are “process-driven” (From Pizzuto, 2002). 
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began widening, unlike the Baraboo River. However, widening was limited because of 
the cohesion of the fine sediment contained within the banks. 
Based on their findings, Doyle et al. (2003a) proposed a model for how low head 
dam removal affects rivers (Figure 2). The model starts with pre-removal conditions 
(Stage A) and shows that after dam removal the water level lowers (Stage B), the river 
begins to degrade the sediment in the reservoir (Stage C), the river continues to degrade 
and begins widening (Stage D), sediment from upstream and the degrading bed and banks 
begins aggrading in the channel (Stage E) and finally the river reaches a quasi-
equilibrium state (Stage F). 
2.2.2 Marmot Dam, Oregon (Major et al., 2008) 
 Major et al. (2008) are studying the removal of Marmot Dam on the Sandy River 
in Oregon, which drains 1300 km2 of the western Cascade Range. The volcanic and 
glaciated headwaters provide the river with abundant coarse-grained sediment. At the 
time of removal, the dam impounded 750,000 m3 of sediment (mostly gravel and sand). 
The slope of the river in the vicinity of the dam site ranges from 0.006-0.009. The 
Marmot Dam was deliberately removed during a high flow event on October 19, 2007. 
Afterward, the Sandy River began incising the impounded sediments through headward 
and lateral erosion, as a knickpoint formed at the former dam site and migrated 150 m 
upstream at nearly 200 m per hour. The next 250 meters of migration occurred at a tenth 
the initial rate. In 12 hours the Sandy River reached its approximate pre-dam profile in 
8
Figure 2. (a) Channel evolution model of geomorphic adjustments following 
removal of a low head dam. (b) Changes in channel cross section that 
occur at a given place along the channel through time. (c) Longitudinal 
channel profile at a fixed point in time after removal showing where each of 
the six stages would be located (From Doyle et al., 2003a).
b.)a.)
c.)
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the lower 300 m of the reservoir. As the Sandy River widened, the banks collapsed into 
the channel and the sediment was transported downstream. Preliminary analysis of 
oblique terrestrial photographs and traditional ground surveys indicate that about 100,000 
m3 of sediment was eroded within 48 hours of the controlled breach (Major et al., 2008). 
Sediment was transported downstream rapidly, starting with fines immediately following 
the controlled breach. Sand quickly followed as the Sandy River began incising into the 
reservoir sediment and finally gravel began moving downstream as migrating mid-
channel bars (Major et al., 2008). 
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3. STUDY AREA 
 In this thesis, I study the removal of the Merrimack Village Dam (MVD), which 
was a run-of-river hydropower dam (Figure 3a) built on the Souhegan River in 
Merrimack, New Hampshire (Figure 4) in 1907 (Gomez and Sullivan Engineers, 2004). 
The study area extends from the Everett Turnpike Bridge for ~1 km downstream to the 
confluence with the Merrimack River (Figure 4). The Route 3 bridge is situated just 
downstream from the former dam site. In this location, the Souhegan drains 568 km2. The 
study area has three major parts (Figure 4). The area upstream of the dam to the Everett 
Turnpike Bridge includes the main channel, adjacent floodplain and upland areas, a large 
wetland created by the former dam, and a reference section immediately upstream of the 
former impoundment (MVD01). Prior to the removal, the water-surface slope in the 
impoundment was 0.0003. The downstream reach, from the former MVD to the railroad 
bridge at the confluence of the Souhegan and Merrimack Rivers, includes a steep bedrock 
reach (slope = 0.2) that extends from the former dam to approximately 0.1 km 
downstream of the Route 3 bridge.  Below this is a sand-bedded alluvial reach, with a 
gradient of 0.0006 prior to the dam removal. The bedrock reach below the former dam 
location was not characterized in this study because no sediment is stored there, even 
over very short time intervals, and it acts primarily as a transport reach. 
My work on the Souhegan River in New Hampshire can add to the contributions 
Doyle et al. (2003) and Major et al. (2008) have made to understanding morphologic 
response to dam removal because the site is in a different physiographic and geologic 
11
a.)
b.)
Figure 3.  Photographs of the former Merrimack Village Dam site, (a) 
before removal (July 16, 2008, NOAA Restoration Center),  (b) during 
removal (August 6, 2008, Noah Snyder), and (c) after removal 
(October 18, 2008, NOAA Restoration Center).
c.)
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setting.  Most importantly, my study represents an intermediate case between the fine-
grained Wisconsin and coarse-grained Oregon examples; the MVD impoundment was 
filled with >95% sand.  
3.1 History of the Merrimack Village Dam 
John Chamberlain installed Merrimack’s first gristmill and saw mill, constructed 
its first bridge, and likely constructed the first dam on the Souhegan River in 1734 
(NHDHR, 2006). The exact location of Chamberlain’s dam is unknown; however, it was 
probably constructed near the location of the 1907 MVD. This dam was constructed from 
wood and was much smaller than the modern MVD (NHDHR, 2006). Uncertainty about 
the history at the MVD site means the extent of the reservoir deposit and the precise 
location of the pre-colonial river channel are unknown. Here we provide some constraints 
on the history and extent of sedimentation at the site.  
The modern MVD impounded a 0.5-km-long reservoir that was almost entirely 
full of sediment (Figure 4). In 1907, the McElwain Shoe Company capped an existing 
dam with concrete, constructed a concrete gate structure, and added to an existing stone 
canal that ran under the Route 3 bridge. A spray skirt was added in 1934 during 
modifications to the Chamberlain Bridge, marking the last addition to the MVD 
(NHDHR, 2006; Figure 3a).  
Pennichuck Water Works (PWW), a public water supplier in Merrimack, NH, 
purchased the MVD in 1964 to serve as a water storage site. However, the impoundment 
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was never used for this purpose (Gomez and Sullivan Engineers, 2004). In January 2004, 
PWW was issued a Letter of Deficiency (LOD) by the NHDES Dam Bureau because the 
MVD failed to meet several dam safety criteria. The LOD, and because they did not use 
the dam as they had intended, prompted PWW to consider removing the dam (Gomez 
and Sullivan Engineers, 2004). After a four-year public planning process, the dam was 
removed in August and September 2008 (Figure 3c). The removal started with an initial 
controlled breach (Figure 3b) on August 6th, followed by subsequent breaches after the 
water in the impoundment was allowed sufficient time to drain. The dam was then 
removed in stages from the left bank to right bank (defined with respect to the 
downstream direction). 
3.2 Sediment system
Gomez and Sullivan Engineers (2006) estimated that the impoundment contained 
62,000 m3 of sediment (primarily sand-sized), and they predicted approximately 67% 
would be mobilized after removal. This estimate was made by measuring the depth of 
refusal every 3-6 m along seven transects across the impoundment. The sediment in the 
impoundment comes from a variety of upstream sources including: erosion of glacial and 
fluvial deposits; sand spread on roads during winter, construction sites, unpaved roads 
and other anthropogenic sources; weathering; and erosion of bedrock in the river. The 
dam also impounded a wetland north of the impoundment (Figure 4).  Before removal, 
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large floods on the Souhegan River could overtop the left bank of the impoundment into 
flood chutes and deposit sand in the wetland (Figure 4).  
Upstream of the former impoundment, the Souhegan is a bedrock river as it flows 
under the Everett Turnpike Bridge (Figure 4). This bedrock section, and the 
approximately 0.1 km bedrock reach immediately below the former dam location 
(described above), are comparatively static reaches in an otherwise dynamic, alluvial 
system.  
3.3 History and spatial extent of the impoundment sedimentation  
 Incomplete history of the MVD site means that the extent of the historic 
impoundment, extent of the MVD reservoir deposit, and the location of the pre-colonial 
river channel are not definitively known. Despite this uncertainty, it is important to 
estimate the full impact damming has had at the site to better predict the potential effects 
of dam removal.  
 I started by constraining the extent of the modern MVD impoundment. Aerial 
photographs available starting in 1952 allow for detailed mapping of the evolution of the 
modern MVD reservoir and impoundment (Figures 5-6). An oblique aerial photograph 
provides an early view of the modern MVD site. It clearly shows an open wetland to the 
left of the dam and an impoundment in the same approximate location as all subsequent 
aerial photographs (Figure 7a). The accretion of mid-channel bars that eventually became 
vegetated islands dominated the main channel evolution of the modern MVD (Figure 6). 
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Figure 5. Aerial photographs of the study area in (a) 1952, (b) 1977, (c) 1992 
and (d) 1998. Figure 3 shows the most recent (2003) aerial photograph. Aerial 
photographs were downloaded from USGS EROS Data Center.
± ±
0 0.80.4 Kilometers
± ±
a.) 1952 b.) 1977
c.) 1992 d.) 1998
0 0.8 kilometer
17
Fi
gu
re
 6
. O
pe
n 
w
at
er
 s
ur
fa
ce
 a
re
a 
ou
tli
ne
 fr
om
 1
95
2 
(r
ed
) t
o 
20
03
 (v
io
le
t) 
us
in
g 
ae
ria
l p
ho
to
gr
ap
hy
 w
ith
 c
he
ck
er
ed
 
M
er
rim
ac
k 
R
iv
er
 b
ac
kw
at
er
 li
ne
.
71
°2
9'
30
"W
71
°2
9'
30
"W
42
°5
1'
30
"N
42
°5
1'
30
"N
Le
ge
nd Me
rr
im
ac
k
R
iv
er
ba
ck
w
at
er
5/
06
/2
00
9
M
VD
lo
ca
tio
n
re
se
rv
oi
r2
00
3
re
se
rv
oi
r1
99
8
re
se
rv
oi
r1
99
2
re
se
rv
oi
r1
97
7
re
se
rv
oi
r1
95
2
0
0.
1
0.
2
0.
05
Ki
lo
m
et
er
s
±
1:
4,
00
0
18
Figure 7. (a) 1936 oblique aerial photograph of the Souhegan Falls site and the 
former location of the MVD (from Merrimack Historic Society). Historical maps of 
the study area, including (b) 1805 town map, (c) 1858 town map and (d) 1898 
town map (from NHDHR, 2006). (e) Plot of dam crest elevation (black outline) 
on 1968 USGS topographic map.  Red extent rectangles on (b) 1805, (c) 1858, 
and (d) 1898 are the approximate area shown in (e) 1968. 
b.) 1805
c.) 1858 d.) 1898
±
0 0.30.15 Kilometers
1:3,500
e.) 1968
a.) 1936
Wetland
Impoundment
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Mid-channel islands formed in the upstream reach between 1977 and 1992 (Figure 5c) 
and vegetated by 1992 (Figure 5c). Organic and clastic accretion controlled wetland 
evolution. Continued growth of duckweed within the wetland, and flood chute deposition 
into the wetland, resulted in the slow reduction of the total area of open water from 
~1936 to 2003 (Figure 6).  Island formation began in the downstream reach before 1977 
(Figure 5b) and vegetated before 1992 (Figure 5c). 
 I also used historic maps (Figure 7) and historical documentation (NHDHR, 2006) 
to better understand the pre-1950 extent of the impoundment and associated 
sedimentation. Poor georeferencing of the historic maps, and unknown scales and survey 
methods, renders their information largely qualitative, but they are nonetheless useful for 
verifying that there has been some form of dam at, or very near, the site nearly since 1734 
(NHDHR, 2006; Figures 7b-d). But the maps suggest that there may have been periods 
when part, or all, of the dam was breached. I primarily focused on the 1858 and 1898 
town maps because they appear to contain more detail than the 1805 map. The 1898 town 
map (Figure 7d) appears to show a time when the dam was either partially or completely 
breached because the river is depicted as approximately the same width through the 
impoundment reach. In contrast, the 1858 town map (Figure 7c) shows a clear reservoir 
at the MVD location.
 I estimated the maximum area that was potentially influenced by dam-related 
inundation and sedimentation (Figures 5-8). Historic maps suggest periods of filling and 
cutting of the impounded sediment due to partial or complete dam breaches (Figure 7). 
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±0 0.20.1 Kilometers
Figure 8. Cultural feature near the base of sediment exposed after the removal 
of the Merrimack Village Dam. (a) Map of proposed reservoir deposit from 
Gomez and Sullivan, 2006 (pink, 32,000 m2) and my estimated area of 
dam-induced sedimentation at the Souhegan Falls (green, 78,000 m2).  (b) 
Location of cultural feature in cut bank exposure. (c) Detailed image of cultural 
feature (red brick) within the sediment exposure.
a.) b.)
c.)
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The crest elevation of the modern MVD defines the minimum extent it inundated (Figure 
7e). Cultural features exposed at the base of the stratigraphy (Figures 8b-c) at the head of 
the left bank peninsula that separated the wetland from the main impoundment and 
channel indicate that some volume of this landform was deposited behind the dams.  
Lastly, flood chute deposition at the back of the wetland suggests that dam-induced 
accretion likely influenced the entire left bank peninsula and the wetland (Fig. 3).  Over 
time, with increasing sedimentation, it would take larger and larger floods to accrete 
sediments on these surfaces. This information together suggests that the total area 
influenced by dam-induced accretion is ~78,000 m2 (Figure 8a, larger polygon).
 This study is able to recognize two distinct areas influenced by dams at the site: 
(1) the total area of dam-induced accretion and (2) the modern MVD impoundment. The 
total area of dam-induced accretion is any area upstream that was influenced by the 
presence of a dam since 1734 and includes the main channel, floodplain, wetland, and 
river left peninsula (Figure 8a, larger polygon). Sedimentation of the wetland and left 
bank peninsula has been influenced episodically by dams over the historical period, but 
quantifying and characterizing these effects is beyond the scope of our study. I focus on 
the modern MVD impoundment that includes only the main channel and adjacent 
floodplain (Figure 8a, smaller polygon). 
 In collaboration with this work, ground penetrating radar (GPR) surveys were 
taken of the modern MVD impoundment before the dam was removed. The GPR surveys 
are being used as an alternate means to estimate the volume of sediment in the 
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impoundment (Santaniello et al., 2010). Santaniello et al. (in prep) estimate that the MVD 
impoundment contained approximately 67,000 m3 of sediment. Their GPR estimate of 
the stored sediment volume closely matches the pre-project estimate of Gomez and 
Sullivan (2006), further discussed below.  
3.4 Hydrology 
The discharge of both the Souhegan and Merrimack rivers influences sediment 
transport at the study area. The United States Geological Survey (USGS) operates nearby 
gauging stations on both the Souhegan and Merrimack rivers (Figure 4). The Souhegan 
River gauge is just upstream of the study area and has been continuously operating since 
1909. The closest gauging station on the Merrimack River is upstream near Goff Falls, 
below Manchester, NH, and has been in operation since 1936. The Souhegan River stage 
downstream of the Route 3 bridge is partially controlled by the stage of the Merrimack 
River (Figures 4 and 9). As the Merrimack River rises, it backwaters the lower Souhegan 
River, acting as a hydraulic dam and reducing sediment transport competence 
downstream of the former dam location. Comparing the Merrimack and Souhegan river 
hydrographs (Figure 9) to periods when I observed backwatering of the lower Souhegan 
River (April 21, 2008 and August 6, 2008) suggests that the backwatering occurs at 
Merrimack River discharges greater than approximately 500 m3/s. On May 6, 2009, I 
conducted a global positioning systems (GPS) survey of the leaf litter to document the 
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spatial extent of a typical backwater event that occurred from March 30 to April 11 
(Figure 6).
Sediment from the Souhegan River deposits in this reach when backwatering 
occurs. Therefore, sediment delivery to the Merrimack River is controlled by the 
sediment load and transport capacity of the Souhegan River and the interaction of the 
stages of both rivers. Four possibilities exist: (1) the Souhegan is high and the Merrimack 
is high resulting in backwatering and sediment deposition in the lower Souhegan; (2) the 
Souhegan is high and the Merrimack is low, resulting in sediment export from the 
Souhegan to the Merrimack; (3) the Souhegan is low and the Merrimack is high, resulting 
in backwatering and possible delivery of sediment to the lower Souhegan from the 
Merrimack; and (4) the Souhegan is low and the Merrimack is low, a situation with likely 
too little energy to transport sediment out of the system. As a result of this interplay 
between the two rivers, the morphology of the area downstream from the former MVD 
location is sand-bedded and dynamic, as indicated by the variations in the locations of 
bars and islands in the sequential aerial photographs (Figure 5-6).
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4. METHODS 
I quantify how the river changes in response to the removal of the dam through 
repeat surveys of 12 permanent cross sections (Figure 4) and the stream longitudinal 
profile, sediment sampling, and photo points from the cross sections according to the 
protocols set by Collins et al, 2007 (Table 1). 
TABLE 1. SITE SURVEY AND SAMPLING SCHEDULE 
Dates Cross Sections 
Longitudinal 
Profile
Photo
Points
Sediment
Sampling
Discharge range 
(m3/s)
August 27-28, 2007 X X X X 0.74 - 0.76 
June 2-8, 2008 X X X X 2.55 - 3.79 
August 25-29, 2008 X X X X 2.75 - 2.94 
September 17, 2008 X
October 25-26, 2008 X X 3.37 - 11.13 
July 13-21, 2009 X X X 6.51 - 9.83 
August 24-28, 2009 X X X 3.85 - 6.48 
4.1 Cross section surveys 
 I used a Leica TPS 1200 total station with an integrated global positioning system 
(GPS) unit and reflecting prism on a stadia rod (hereafter, Leica) to survey the 12 
permanent cross sections along the study reach (Figure 4) and measure longitudinal 
profiles. The Leica has relative accuracy of 2 mm. The cross sections were established in 
summer 2007 perpendicular to the flow of the river (Figure 4). Each end of the cross 
section is marked by a rebar monument (referred to as a pin) driven ~1.5 m into the 
ground. The pins were placed outside the active floodplain area of the dam-influenced 
study area. 
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 These precautions to make the pins permanent were not completely adequate. 
Four of the pins and an entire cross section were lost during the first year of surveying for 
various reasons. The pins were replaced once they were discovered to be missing. 
Another issue with the pins is placement in the trunk of trees. Several of the pins were 
placed in the base of trees to ensure permanency. Also, trees are not permanent features 
and can be lost, taking the pins with them.  
 A cross section survey began by stretching a 100-meter measuring tape from the 
left pin to the right pin. The Leica was then set up as a “base station” that allowed line of 
sight along the cross section. The prism was moved along the tape at about 2 meter 
intervals or at significant changes in slope, geomorphology or substrate. The 
geomorphology (e.g., terrace, bank, floodplain, bar, water surface or riverbed) and 
substrate (e.g., mud, sand, gravel, cobbles, boulders or bedrock) of each survey point 
based on visual identification. For subaqueous locations, the water depth was measured 
on the stadia rod . 
 The August 2008 survey GPS data from the base stations were exported and 
uploaded to National Geodetic Survey (NGS) On-line Positioning User Service (OPUS). 
OPUS accepts GPS data from users and is processed by NGS computers using the 
National Spatial Reference System. The GPS data are processed using a differential 
correction and returned, yielding improved positional of the base station recorded by the 
Leica. The positions of the survey points recorded were then corrected and exported to 
Microsoft Excel. Absolute coordinates for all of the survey points were obtained when 
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base stations for the cross sections were connected in a single survey traverse. For 
example, using the base station at cross section MVD03 to set the azimuth for the base 
station at cross section MVD02A allows the Leica and OPUS to return the absolute 
coordinates. This “tying together” of the base stations was done during the August 2008 
surveys yielding sub-decimeter accuracy for the location of the cross section points and 
pins.
4.2 Longitudinal profile surveys
 The longitudinal profile was also surveyed using the Leica. For these surveys, I 
walked the prism down the thalweg of the river in approximately ten meter intervals. 
Where the location of the thalweg, typically the deepest part of the channel cross section, 
was ambiguous (e.g., a boulder filled reach), I surveyed the bed where the flow velocities 
were the greatest. The profiles started at the Everett Turnpike Bridge and extended to the 
rail bridge at the confluence of the Souhegan and Merrimack rivers (Figure 4). The 
longitudinal profiles are always “tied” together, similar to the August 2008 survey, so I 
can calculate absolute coordinates. The GPS base-station data were uploaded to OPUS 
and then distances and heights were calculated relative to a concrete abutment on the 
Everett Turnpike Bridge.
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4.3 Sediment sampling 
 Sediment sampling was conducted at each cross section to (1) quantify how the 
grain size distribution of the river bed responded to dam removal and (2) calculate a dry 
bulk density for the sediment stored and transported in the system to use in sediment 
budget calculations. 
 Grab samples were taken from the thalweg of the cross sections during the June 
2008, August 2008 and July 2009 surveys. The thalweg samples were split using the cone 
and quarter method, dried in an oven overnight at 80°C, and allowed to cool in a 
desiccator. The samples were then weighed and sieved using half phi intervals ranging 
from 63 microns to 16 mm. The sieves were placed in a Ro-tap shaker, run for 15 
minutes, and each fraction was weighed and recorded. The size fractions were plotted to 
show percent by weight and cumulative percent finer. Due to coarsening bed conditions 
in some locations of the former impoundment after removal, grab samples were not 
always feasible and pebble counts using the Wolman (1954) method were used to 
characterize the bed. Pebble counts were done at cross sections that had a visually coarser 
bed than sand. At least one hundred random clasts were counted for the cross sections. 
 I collected samples from exposed banks in August 2008 for dry bulk density ()
measurements. Upstream, post-removal impoundment de-watering and river incision 
exposed previously submerged river banks. Incision and widening into the mid-channel 
islands in the former impoundment (Figure 4) also exposed stratigraphy that well 
represented the variability of the sediments stored in the impoundment. I trenched the 
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banks at each cross section to a limited extent to expose continuous, fresh vertical 
surfaces. I examined these exposures for significant changes in grain size and took three 
sediment plugs of known volume from each discrete layer (Table 2). Downstream, newly 
deposited sediments were sampled at sub-aerially exposed banks at each cross section. I 
measured the depth of each layer from the top of the bank and recorded its thickness. The 
number of layers sampled at each cross-section varied by the total thickness of the 
exposed sediment and the number of distinct layers. I dried the sediment plugs in an oven 
overnight at 80°C, allowed them to cool in a desiccator, weighed them, and then the mass 
of the sample was divided by its volume to yield .
TABLE 2. BULK DENSITY SAMPLING DATA USED FOR SEDIMENT BUDGET 
Cross 
Section 
(k) 
Number 
intervals 
sampled 
(z) 
Total Thickness 
Sampling site (m)
(dry)
Thickness-
weighted  
Dry Bulk 
Density (g/cm3)
Standard 
Error
(A) 
Representative 
Area (m2)
MVD02A 1 0.50 1.3 0.0065 5806 
MVD03 2 0.81 1.3 0.046 5587 
MVD04 6 1.95 1.3 0.49 6959 
MVD05 5 2.90 1.1 0.15 8488 
MVD06 2 1.38 1.3 0.0026 9769 
MVD07 1 2.47 1.3 0.029 6714 
MVD09 1 1.00 1.3 0.034 6533 
MVD10 1 0.56 1.3 0.018 8189 
MVD11 1 0.50 1.3 0.020 8118 
MVD12 1 0.50 1.3 0.020 7417 
4.4 Repeat photography 
 In August 2007, “photo points” were established on each of the 12 cross sections 
(Collins et al., 2007). During each cross section survey, six digital photographs are taken 
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(upstream, across stream, downstream for both sides of the river; 72 photographs per 
survey) to qualitatively document channel change. The azimuths and locations along the 
cross section line of the original photo points were taken and each repeat photo will be 
taken at the same approximate azimuth and location. After removal of the dam, the water 
began flowing around the right-most mid-channel island in the impoundment (Figure 4) 
and changes to the channel could no longer be seen from established photo points. 
Besides the established photo points, I took additional photos from the new left bank and 
left water edge to better document this rapidly evolving channel. These photo points were 
repeated during each full survey and after any large discharge events. (Appendix 1) 
4.5 Estimating the sediment budget 
I used my cross section surveys and grain size data to calculate a sediment budget 
that quantifies rates of channel adjustment in response to MVD removal for each survey 
interval. The Souhegan River sediment budget in the project reach is a balance between 
upstream inputs, sediment eroded and deposited in the impoundment (US), sediment 
eroded and deposited in the channel downstream of the impoundment (DS) and output 
to the Merrimack River, or  
  Input = US Sed + DS Sed + Output.  (1) 
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 The calculations for the two storage variables in equation 1 (US and DS) were 
done as follows for each survey interval. Interpolation of cross sections from sequential 
surveys into n equally spaced points (denoted by the subscript j) in the cross-stream (y)
direction allowed us to estimate changes between surveys. The average change in 
thickness (z) of each cross section (denoted by the subscript i) was determined by: 
  
	




 , (2)
where (y2, z2) was the more recent survey and (y1, z1) was the previous survey. Negative 
zi indicates net erosion at a cross section; and positive zi is net deposition.  The change 
in volume (vi) was calculated by:
vi = ziAi, (3)
where Ai is the representative area for each cross section (Figure 4), calculated using 
ArcGIS and mapping polygons on the orthophotograph of the river (Figure 4). The 
adjacent cross sections were connected left pin to left pin and right pin to right pin. These 
connected polygons were then divided in half. Each Ai extends half way upstream and 
downstream between each cross section. The change in volumes of each cross section 
(vi) were then summed,  
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V = vi, (4)
for both the upstream cross sections (VUS) and the downstream cross sections (VDS).
 I estimated a thickness-weighted dry bulk density (dry) for each cross section 
based on the August 2008 sediment sampling,  
   



 



 , (5) 
where the mass of a sample (mdry) was divided by the volume of the sample (vsed) for each 
layer (k), multiplied by the thickness of the layer the sample came from (zk) and divided 
by the total thickness (z) of the bank sediment sampled (generally from the top of the 
bank to the water interface), and then the j layers of the cross section were summed. This 
yields dry a thickness-weighted average of all the sediment samples collected at a given 
cross section during the August 2008 survey. I used the August 2008 dry at each cross 
section to convert all sediment volumes into masses for all of my estimates of storage 
changes. I evaluate this assumption in the results section. The change in mass for the 
cross section (mi) for each survey interval was calculated using:  
mi = vi (dry)i. (6) 
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Finally, the change in mass for each cross section (mi) was summed: 
M = mi, (7)
for the upstream cross sections (MUS) and for the downstream cross sections (MDS).
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5. RESULTS
 I use the surveys completed in August 2007 and June 2008 to measure the initial 
conditions in the study area, and those collected in August 2008, October 2008, July 2009 
and August 2009 to determine how the channel is changing after the dam removal. Here I 
describe the response of the system chronologically, and then present the results of my 
sediment analyses. 
5.1 Cross sections and longitudinal profile 
5.1.1 August 2007-June 2008 
The comparison between the August 2007 and June 2008 surveys show an overall 
trend of deposition in the thalweg, particularly in the impoundment (Figures 10-12). 
Upstream cross sections MVD03, MVD05, MVD06, and MVD07 aggraded up to 1 m, or 
a total of 3,900 metric tons (Figures 10c, 11). Cross sections MVD02A and MVD04 had 
a total of 1,200 metric tons of erosion (Figures 10b-c). In total, 2,700 metric tons were 
deposited in the impoundment between the August 2007 and June 2008 surveys (Table 
3).
TABLE 3. CHANGE IN STORAGE UPSTREAM AND DOWNSTREAM 
VUS (m3)US* M US (metric tons) 
August-07 – June-08 2200 2700 ± 720 
June-08 – August-08 -19100 -24200 ± 720 
August-08 – October-08 -13800 -17200 ± 720 
October-08 – August-09 -7400 -9300 ± 720 
VDS (m3)DS* MDS (metric tons) 
August-07 – June-08 1050 1310 ± 92 
June-08 – August-08 18500 23500 ± 92 
August-08 – October-08 -3900 -5000 ± 92 
October-08 – August-09 -4500 -5700 ± 92 
*Note: Negative numbers equal net erosion and positive numbers equal net deposition 
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Figure 10.  Comparison of cross sections within the former impoundment (a) 
MVD01, (b) MVD02A, (c) MVD03, and (d) MVD04. Cross section locations shown 
on Figure 3. All cross sections are oriented from river left (north) to river right 
(south). The height of the water surface during the August 2007 and June 2008 
surveys indicates the approximate elevation of the dam spillway.   
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Figure 11.  Comparison of cross sections within the former impoundment (a) 
MVD05, (b) MVD06, and (c) MVD07. Cross section locations shown on Figure 3. 
The height of the water surface during the August 2007 and June 2008 surveys 
indicates the approximate elevation of the dam spillway.     
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Figure 12.  Comparison of downstream cross sections (a) MVD09, (b) MVD10, 
(c) MVD11, and (d) MVD12. Cross section locations are shown on Figure 3. 
Note: Left monument was lost after first survey of MVD11 resulting in change in position for all 
future cross sections
Monument lost after Aug-07 survey
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 Half of the downstream (below the dam) cross sections showed deposition and 
half showed erosion. Cross sections MVD09 and MVD12 had 3,100 metric tons of 
deposition (Figures 12a and 12d), while cross sections MVD10 and MVD11 had 1,800 
metric tons of erosion (Figures 12b-c). This yields net deposition of 1,310 metric tons 
(Table 3).
The August 2007 and June 2008 longitudinal profiles (Figure 13) are similar. The 
surveys differ between the two years mostly because the thalweg is not always in the 
same position, so the data are not collected along exactly the same path. The shift seen in 
the two pre-removal surveys is a result of variations in thalweg path length. The slope of 
the water surface is gradual in the impoundment (0.0003) and downstream (0.0006) of 
the former dam location (Figure 13). 
5.1.2 June 2008-August 2008 
The Souhegan River rapidly responded to the removal of the MVD on August 6, 
2008. Much of the channel response was revealed in the first and second post-removal 
surveys on August 25-29, 2008, and October 25-26, 2008, respectively. Comparisons of 
the August and June 2008 surveys show that upstream of the former dam (Figure 4) the 
Souhegan River incised into the impounded sediments 0.6 to 3.0 m, eroding 24,200 
metric tons (Table 3, Figures 10-11) and exposing bedrock and boulders at cross sections 
MVD02A and MVD03 (Figures 10b-c). The width of the river was reduced from 
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approximately 90 meters to 20 meters. Narrowing and steepening of the channel 
increased flow velocities for a given discharge.
Downstream of the former dam location, a sand deposit up to 1.0 to 3.5 m thick 
(23,500 metric tons of total deposition; Table 3, Figure 12), prograded to the confluence 
with the Merrimack River. The sediment was mostly deposited at cross sections MVD09 
and MVD10 causing the channel to accrete about 3 meters and narrow from about 60 
meters to about 30 meters (Figures 12a-b). During and after the removal, the thalweg 
flowed on the right side of the mid-channel island (Figure 4) switching from its previous 
position along the left side. 
The August 2008 longitudinal profile is quite different from June 2008 (Figure 
13); it shows the erosion upstream of the former location of the dam and the deposition 
downstream as discussed above. The slope within the former impoundment split into two 
different reaches. Near the head of the impoundment, where the river had incised to 
boulders and bedrock, the slope was steep (0.0091), and closer to the former dam location 
the slope was an order of magnitude less (0.0009). Downstream of the former dam 
location, the slope of the water surface steepened (0.003) as the sediment prograded to 
the Merrimack River (Figure 13). The discontinuity in the August 2008 longitudinal 
profile at the former dam location was required by deconstruction activities ongoing at 
that time. The longitudinal profile was surveyed up to the work limits upstream of the 
dam site and continued on the downstream side of the Route 3 bridge.  
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5.1.3 August 2008-October 2008 
During this interval, the Souhegan River continued to respond to the dam 
removal, although channel widening, rather than incision, became the dominant process 
upstream of the former dam location. MVD03 was nearly identical between August and 
October 2008 (Fig 8c). Downstream of cross section MVD03 the Souhegan widened a 
minimum of 7 m at MVD05 to a maximum of 29 m at MVD04 (Figures 10d, 11). The 
river removed another 17,200 metric tons of sediment (Table 3). The smallest mid-
channel island (Figures 4, 11a) was nearly completely eroded. 
Downstream of the former dam location the river began removing the sediment 
deposited immediately after the dam removal (Figure 12). Cross section MVD09 incised 
0.7 to 1.2 m over a lateral distance of 37 m (Figure 12a). The river removed 5,000 metric 
tons of sediment (21%) of the initial 23,500 metric tons of sediment delivered in August 
2008 (Table 3). The channel bifurcated around the mid-channel island (Figures 4, 12b); 
however, the thalweg still flowed to the right of the mid-channel island. Minimal incision 
occurred downstream of cross section MVD10 (Figure 12c-d).
High flows precluded surveying the longitudinal profile in October 2008.
5.1.4 October 2008-July & August 2009 
Little change occurred between the two 2009 surveys as they were done only a 
month apart. High flows again precluded surveying the longitudinal profile, and some 
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cross-sections, in July 2009. Only the August data are used to calculate a sediment 
budget, but both July and August 2009 data are included in Figures 10-12.  
 The Souhegan River had several high flow events before the spring thaw and in 
June and July of 2009 (Figure 9b). Comparison of the October 2008 cross sections with 
the July and August 2009 cross sections shows that the river continued to excavate 
material within the former impoundment (Figures 10-11). The river incised the 
impoundment sediment at MVD04, MVD05, MVD06 and MVD07 (Figures 4, 10d, 11) 
from 0.6-1.1 m and widened at these cross sections from 0.9-32.3 m. The river excavated 
another 9,300 metric tons of sediment from the impoundment (Table 3). Cross section 
MVD03 did not change significantly between October 2008 and summer 2009 (Figure 
10c), indicating that, like MVD2A, the river had eroded to the boulder and bedrock of the 
pre-dam riverbed at this location.  
 Downstream of the former dam location the river continued to remove the 
sediment delivered immediately after the dam removal. The river incised the stored 
sediment another 0.8-2.3 m (Figure 12) and shifted from two channels back to one 
channel flowing around the left side of the mid-channel island (Figures 4, 12b). The river 
removed another 5,700 metric tons of sediment leaving 54% of the sediment that was 
delivered downstream after the dam removal (Table 3).  
 Like the cross sections, the August 2009 longitudinal profile shows the continued 
erosion of sediment out of the lower half of the impoundment. The steeper reach (0.011) 
at the upstream end of the former impoundment is at nearly the same grade as the August 
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2008 survey (Figure 13). Downstream of the former dam location, the prograded 
sediment was remobilized and the thalweg reached pre-dam-removal levels in certain 
locations with a slope (0.0009) similar to that of the June 2008 pre-removal survey 
(Figure 13).
5.2 Sediment analyses 
5.2.1 June 2008 
The grain size data collected and analyzed in June 2008 shows that the pre-
removal bed surface sediment was almost exclusively sand as the percent sand was 
between 96 and 100% for all of the measured cross sections except MVD07 (Table 4; 
Appendix 2). The June 2008 samples provide a snapshot of pre-removal thalweg 
conditions, but not a systematic quantification of the spatial variability in grain size in the 
system.  
5.2.2 August 2008 
 The grain size data collected and analyzed in August 2008 includes a series of 
grab samples (Appendix 2) and pebble counts (Wolman, 1954; Appendix 3) to 
characterize the channel following removal of the MVD along with bank sampling to 
characterize the bulk density of the impounded sediments (Tables 2 and 4; Appendix 4). 
Within the impoundment, the August 2008 data (Figure 14) shows a substantial 
coarsening at the upstream cross sections (MVD02A, MVD03, MVD04; Figure 4) after 
the dam was removed. The rest of the impoundment experienced little change after the 
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dam was removed. MVD08 was not sampled due to deconstruction on the dam at the 
time of the survey but after removal the section was comprised almost entirely of 
bedrock. Downstream of the former dam the sediment remained similar to the pre-
removal conditions (Figure 14).  
TABLE 4. MEDIAN GRAIN SIZE (D50) AND PERCENTAGE OF MUD, SAND, AND COARSE MATERIAL 
FOR EACH THALWEG SEDIMENT SURVEY  
Cross 
Section June 2008 Survey August 2008 Survey July 2009 Survey 
D50
(mm)
>2
mm
63 um - 
2 mm 
<63
um
D50
(mm)
> 2 
mm
63 um - 
2 mm 
<63
um
D50
(mm)
>2
mm
63 um - 
2 mm 
<63
umMVD
02A 0.9 0.0 100.0 0.0 30.6 71.4 28.6 0.0 117.0 69.3 8.3 0.0
03 0.8 1.1 98.3 0.7 49.4 74.7 25.3 0.0 141.0 98.8 1.2 0.0
04 0.5 0.2 99.3 0.5 0.5 0.1 99.9 0.02.0 36.6 63.4 0.0
05 1.9 1.4 98.5 0.1 0.5 0.3 99.7 0.1 1.5 86.1 13.5 0.4
06 1.4 1.2 98.6 0.2 0.8 0.7 99.2 0.1 1.5 86.1 13.5 0.4
07 2.6 31.1 68.7 0.2 0.8 4.0 96.0 0.0 1.4 74.5 25.3 0.2
09 1.5 3.3 96.5 0.1 1.3 26.0 73.9 0.0 0.8 13.7 86.3 0.0
10 0.7 0.3 99.7 0.0 1.3 22.2 77.7 0.0
11 0.5 0.8 98.8 0.5 0.8 2.0 97.9 0.0
12 0.8 0.1 99.9 0.0 0.5 0.2 99.6 0.2
Note: Data in italics are from pebble counts 
Note: Bedrock makes up difference for July 2009 survey at MVD02A 
5.2.3 July 2009 
The grain size data collected and analyzed in July 2009 also includes a series of 
grab samples (Appendix 2) and pebble counts (Wolman, 1954; Appendix 3) to 
characterize the channel after winter high flows and spring melt (Figure 9b). The 
upstream end of the former impoundment continued to coarsen (Figure 14; Table 4) as 
more boulders were exposed. The middle of the impoundment coarsened to gravel sized 
sediment, except for MVD04 which fined (Figure 14). Downstream of the former dam 
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location, cross section MVD09 D50 fined compared to both previous samples but it 
coarsened based on sand fraction. Two of the cross sections were unable to be sampled 
due to high flows in the thalweg (MVD06 and MVD10) and two samples were lost 
(MVD11 and MVD12) before they could be processed leading to a poor characterization 
of the downstream reach.  
5.3 Bed Material Load Sediment Budget 
 I calculate a bed material load sediment budget because I sampled only the 
sediment fractions represented in the bed in the impoundment and downstream. 
Dominantly these sediments were sand traveling as bedload and suspended load. Wash 
load, which represents the mud fraction that is not well represented in our study area 
except for a few thin lenses with organic materials in the impoundment sediment, was not 
analyzed.
The sediment budget requires three assumptions. First, I assume perfect sediment 
trapping in the study area before the dam removal. This assumption is difficult to test, 
and likely incorrect, but it simply means I am estimating a minimum Input to the system. 
Second, I assume that no sediment is transported from the Merrimack River into the 
lower Souhegan and deposited during backwater events.  I think this assumption is 
reasonable given the relative magnitude of the Merrimack River floods over the study 
period (which would suggest small quantities of sediment, if any, delivered) and the large 
quantity of sediment released by the project (Figure 9). A geochemical study of the 
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provenance of the sand in the downstream reach (e.g., Dougherty et al., 2001) would 
provide a means to test this assumption, but it is beyond the scope of this project. Third, I 
assume there is no input of sediment from Baboosic Brook (Figure 4).  Again, I think this 
is reasonable because the drainage area of Baboosic Brook is only 22% of the total 
drainage area of the Souhegan River and the signal of sediment from the MVD removal 
is much larger than what may amount to a quarter of the sediment moving through the 
entire watershed naturally. 
 I constructed the sediment budget for the study area by assessing the Inputs to the 
reach based on the two pre-removal surveys. I assumed perfect trapping of sediment 
entering the study area (i.e. zero output) to yield an input between August 2007 and June 
2008 of 3200 m3 (4050 metric tons; Table 5). I used the time interval between these two 
surveys to calculate a sediment delivery rate of 10 m3/day (13 metric tons/day). This 
sediment delivery rate ignores the hydrograph and is therefore a simplified estimate. 
Estimating sediment input to the reach is necessary to balance the budget, but the relative 
importance of sediment inputs to the system during the post-dam removal excavation of 
material from the impoundment is minimal.  
I multiplied the interval between subsequent surveys by this sediment delivery 
rate to determine a minimum Input for each survey. I use the daily sediment rate, the 
change in storage of the upstream reach, and the change in storage of the downstream 
reach to calculate the bed material load sediment budget (Table 5). Balancing these 
components of Equation 1 yields a minimum Output for each budget calculation.  
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Table 5. BED MATERIAL LOAD BUDGET FOR THE MVD STUDY AREA.
%
impounded
sediment
remaining
Time
Interval 
Input Output US Rate DS Rate US Sed DS Sed m3 m3/day m3/day m3m3 m3[metric
tons]
[metric
tons/day]
[metric
tons/day]
[metric
tons]
Dates [metric tons] [metric tons]
[Duration] 
08/07-06/08 3200 2150 7.00 1050 3.42 0* 62000 
[80600] 
(100%) [307 days] [4050] [2740] [8.93] [1310] [4.27] [0*]
06/08-08/08 250 -19100 -796 18500 771 850 42900 
[56400] 
[24 days] [317] [-24200] [-1010] [23500] [979] [1017] (69%)
08/08-10/08 605 -13800 -238 -3950 -68.1 18355 29100 
[39200] 
[58 days] [765] [-17200] [-297] [-5020] [-86.6] [22985] (47%)
10/08-08/09 3190 -7410 -24.2 -4490 -14.7 15090 21700 
[29950] 
(35%)[306 days] [4037] [-9250] [-30.2] [-5690] [-18.6] [18977] 
Note 1: Negative numbers represent net erosion and positive numbers represent net deposition 
Note 2: I assume there was no change between the end of the June 2008 survey and when the dam was 
removed on August 6, 2008.  
Note 3: Gomez and Sullivan (2006) estimate the impoundment sediment and percentages are calculated 
from volume rather than mass. 
*Output assumed to be zero for first interval to determine minimum sediment delivery rate 
 The sediment budget shows net erosion after dam removal in the impoundment 
(Table 5). Assuming little change between the June 2008 survey and the start of the MVD 
removal on August 6, the initial erosion rate was 796 m3/day during the first two weeks 
after removal (Table 5). Almost all of the sediment delivered to the downstream reach 
aggraded in the vicinity of MVD09 and MVD10 because of the high stage of the 
Merrimack River at that time (Figure 9). Over the next two months, the rate of sediment 
export from the impoundment slowed to 238 m3/day, while sediment began to be 
removed from the downstream reach at a rate of 68 m3/day (Table 5). The rate of 
sediment export from the impoundment slowed again over the next year to 24 m3/day and 
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sediment continued to be removed from the downstream reach at a rate of 15 m3/day,
which is still 50% greater than the pre-removal rate for the entire reach (Table 5).
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6. DISCUSSION 
 The Souhegan River has undergone a significant alteration as the study area 
changed from a still-water impoundment to a free flowing river, and began eroding the 
impounded sediment. I discuss response processes by evaluating the upstream and 
downstream parts of the study area with respect to the hydrology and hydraulics. Finally, 
I explore implications of our findings for future dam removals. 
6.1 Impoundment response 
 The changes documented within the impoundment between the August 2007 and 
June 2008 surveys indicate a cycle of cutting and filling. In April 2007, a high magnitude 
flood (recurrence interval of ~50 yr) occurred on the Souhegan River (Figure 9b), I 
interpret the relatively deep water in the impoundment during the August 2007 survey 
(Figures 9-10) to be the result of scouring and removal of sediment from the 
impoundment during this event. After the flood, the sand delivered to the impoundment 
from upstream began filling in the deep thalweg left by the 2007 flood. Post-scour 
deposition indicates that the impoundment, which was entirely filled with sediment, 
could vary naturally. By the time of the removal, the impoundment exported sediment 
during large floods and stored sediment during smaller discharge events.  
 After the dam was intentionally breached on August 6, 2008, the water level 
lowered due to the base level drop and had an immediate effect on the sediment within 
the impoundment. Immediately, sediment began to be eroded from the impoundment at a 
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high rate, particularly because the deconstruction happened on a day with elevated 
discharge (Q = 6.34 m3/s; Figure 9b). The combination of high flows and the removal of 
the barrier enabled sediment transport. For comparison, average flow on the Souhegan 
River for the month of August is 1.13 m3/s (Figure 9b). Similar to the Marmot Dam and 
the Rockdale Dam significant erosion of the impoundment began with a migrating head-
cut in the thalweg (Doyle et al., 2003; Major et al., 2008). The low head-cut (<1 m) 
migrated upstream and reached the head of the impoundment within the first few hours 
after the removal of the dam. However, unlike the Rockdale Dam, bedload transport was 
initiated immediately after the breach. Both the Marmot Dam and the MVD experienced 
immediate bedload transport because of high flows during removal. The Marmot Dam 
was removed intentionally during a higher flow event, while this was coincidental in the 
MVD case.
 During the first two months after the removal the base level had reached the 
bedrock of the old dam (3.9 m). Erosion at the upstream end of the impoundment 
exposed boulders and bedrock, likely from the pre-dam riverbed, at cross sections 
MVD02A and MVD03 (Figures 10b-c). Above and below the mid-channel islands the 
river widened into the impounded sediment and reached the vegetated banks at MVD04 
and MVD07 (Figures 4; 10d; 11c). The river also exposed sediment at the mouth of the 
former wetland outlet (Figure 4), which contain cultural features, discussed further below 
(Figure 8). The removal of the dam at MVD08 exposed the bedrock and the area near the 
former dam is now almost entirely bedrock with sand and gravel pockets. Directly 
52
perpendicular to the mid-channel islands the river continued to incise vertically into the 
impounded sediment, while widening into the right bank and legacy sediments near cross 
section MVD05 (Figures 4 and 11a). Erosion along the right bank undercut several trees 
causing them to collapse across the channel. These trees initially spanned the main 
channel, causing pooling of the water behind them and a riffle to form immediately 
downstream, as is a typical response to the addition of large woody debris (LWD; 
Daniels and Rhoads, 2006). Later, high flows pushed the trees onto the right bank or 
swept them away. The recruitment of the LWD armored the bank and prevented further 
widening, similar to other studies (Keller and Swanson, 1979; Hickin, 1984; Hupp, 1999; 
Daniels and Rhoads, 2006). These pieces of LWD began to force the erosion of the right 
(southern) mid-channel island (Figure 4), which was then the left bank of the channel. 
The river began depositing a gravel bar at MVD06 (Figure 4) on the right bank. This bar 
is the result of (1) transport of coarse sediment sourced from the bed and banks within the 
former impoundment, (2) the increase in the competence of the Souhegan River through 
the former impoundment, and (3) the disturbance to the flow caused by the fallen trees 
just upstream and the bend in the river (Lisle, 1986; Daniels and Rhoads, 2006). The 
Souhegan River continued to erode the mid-channel islands over the winter of 2008-
2009, causing pieces of cohesive soil and vegetation to slump onto the newly forming left 
bank. These root mats armored the eroding bank of the mid-channel islands and imparted 
a cohesion and resistance to erosion that the sand-sized sediment would not otherwise 
contain, as observed in other studies (Smith, 1976; Keller and Swanson, 1979; Hickin, 
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1984; Hupp, 1999). Armoring along both banks caused the Souhegan River to incise 
rather than continuing to widen.
 The high winter flows and spring snowmelt in 2009 (Figure 9b) continued to 
erode sediment out of the former impoundment. The head of the impoundment 
experienced little to no change from October 2008 to July and August 2009; suggesting 
that the river has reached the pre-dam riverbed at cross sections MVD02A and MVD03 
(Figure 4). The gravel bar at MVD06 continued to grow both upstream and downstream 
(Figure 11b), and started to have finer sediment deposit on top of it. Downstream of 
MVD06, no further widening occurred, but continued incision exposed boulders at 
MVD07.
 The upstream reach experienced a massive amount of erosion, both incision and 
widening that revealed boulders and coarse grained materials along the riverbed. The 
exposed boulders indicate that the river has reached the pre-dam riverbed level at cross 
sections MVD02A and MVD03 (Figures 10b-c). Cross sections MVD04-MVD07 have 
incised as far as they are able with the base level change of the dam (3.9 m), but because 
of (1) the lack of boulders and (2) the presence of sand and gravel sized sediment still 
present at each cross section, the river may not be occupying the pre-dam river bed. 
Further widening may occur at these cross sections but due to the armoring of the banks 
by LWB and root mats only high discharge events will have the competence to be able to 
erode through the root mats or move the LWD.  
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 The upstream response of the Souhegan River to the removal of the MVD 
resulted in a segmenting of the upstream section into two distinct reaches (Figure 15). 
The upper reach of the Souhegan River (MVD01 to MVD03, Figures 10a-c) became non-
alluvial as all of the sand-sized sediments were exhumed, armoring the reach. The lower 
reach (MVD04 to MVD07, Figures 10d-11; 15) became quasi-alluvial experiencing both 
degradation and aggradation. This reach is controlled largely by the base level of the 
bedrock at MVD08 and vegetation feedback mechanisms. Comparison to the model 
proposed by Doyle et al. (2003a, Figure 2a) shows that on the most simplistic level the 
impoundment responded as predicted with lowering water level, incision into stored 
sediments, widening of river channel, and deposition of sediment within the main 
channel. However, both the upper and the lower reach of the upstream section are 
different from the model in many ways.  
 The modern MVD impoundment (classified as only the main channel and 
floodplain) is controlled by two bedrock sections at the upper (MVD02A, Figure 4) and 
lower (MVD08, Figure 4) ends of the upstream section (Figure 15). This control on the 
upstream section as a whole makes the river an imposed form stream instead of a self-
formed stream, thus limiting the comparisons to Doyle et al. (2003a). The upper reach 
completely abandons the model due to the non-alluvial nature of the system and became a 
bedrock and boulder controlled reach that only stores sediment temporarily. This reach 
has become event driven (Figure 1) where only large events are able to flush out any 
remaining coarser grained materials and the base through bedrock erosion processes.
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 The lower reach follows parts of the model such as the incision, widening and 
deposition but the control on these mechanisms is not always the same between the two 
cases. The incision and widening were both a response to increase in water velocity, 
lowering of water level, and exposure of sediments. Unlike the model, the lower reach 
experienced deposition in the main channel due to large woody debris (LWD) 
recruitment that altered the hydrology of the reach and caused the in channel deposition. 
This type of control contrasts with the Doyle et al. (2003a) model, which experienced 
deposition within the channel due to a mass influx of sediment that decreased the 
competence of the river and caused aggradation. The grain size change in the lower reach 
has shifted the system from process driven to event driven (Figure 1). 
 Within the first year after the MVD removal, the Souhegan River had eroded 65% 
of the volume Gomez and Sullivan (2006) estimated in the modern impoundment. 
Considerably more sediment may have been impounded in the wetland to the north of the 
modern MVD impoundment (Figure 8a), but quantification of this volume is difficult due 
its unknown depth. Furthermore, this sediment is not likely to be eroded in the near future 
due to its considerable distance from the active channel. The rapid response to removal in 
the impoundment was due in large part to the large volumes of easily erodible sand 
during the minor flood events after the dam was removed. Both reaches in the upstream 
section have also incised as far as they are able due to the base level control of the 
bedrock at MVD08 (Figures 4, 15). The steeper upper reach and flatter lower reach will 
remain unless significant erosion of the bedrock was to occur. Further evolution in the 
57
upstream section will likely only be accommodated by widening or by a drastic event (i.e. 
avulsion). The shift in the lower reach of the impoundment from process driven to event 
driven indicates that either type of change will only occur during larger discharge events. 
The upstream section has achieved a quasi-equilibrium state.   
6.2 Downstream Response
 Before removal of the MVD the downstream section was characterized by 
dynamic filling and cutting of sediment delivered downstream during large discharge 
events (Figure 15). The backwater flooding of the Merrimack would cause filling 
especially at MVD09 and MVD10 (Figures 12a-b). After backwater receded, the 
Souhegan would slowly incise into the delivered sediment. Cross sections MVD09 and 
MVD10 (Figures 12a-b) were extremely dynamic in response to the filling that would 
alter flow directions and channels, while MVD11 and MVD12 (Figures 12c-d) were 
more static and would only store sediment remobilized from MVD09 and MVD10 for a 
brief time before exporting it to the Merrimack.  
 After MVD removal, the downstream section received 23,500 metric tons (18,500 
m3) of sediment (Table 2, Figures 12-13) during a backwater event (Figure 9). The 
sediment deposited in the downstream section in a deltaic fashion and prograded towards 
the confluence with the Merrimack. The most deposition occurred near cross sections 
MVD09 and MVD10 with relatively smaller amounts at cross sections MVD11 and 
MVD12 (Figures 12-13). Over the next year, and various discharges (Figure 9), the river 
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began remobilizing this sediment, leaving only approximately 54% of the initial deposit. 
Cross sections MVD11 and MVD12 are nearly back to pre-dam removal elevations 
(Figures 12c-d) and the longitudinal profile is also close to pre-dam removal grade 
(Figure 13; 15). 
  Cross sections MVD11 and MVD12 are nearly back to pre-dam removal levels 
(Figures 12c-d) and the longitudinal profile is also close to pre-dam removal levels 
(Figure 13; 15). In general, the downstream reach after the removal behaves much the 
same way it did before the removal, when it would episodically receive slugs of sediment 
transported over the dam (Figure 15).  The quantity delivered by the dam removal was 
certainly larger than pre-removal quantities, but the downstream processes—dominated 
by Merrimack River backwater influence—remained the same pre- and post-removal.  
One key difference is the availability of a larger sediment size for delivery from the 
upstream section. Before, during and after the removal most of the sediment leaving the 
system was sand-sized. However, as shown in Figure 14 the impoundment did coarsen in 
several areas indicating the availability of coarser sediment to be deposited in the 
downstream reach. There is already some evidence of a post-removal bed coarsening at 
MVD09 and MVD10 (Table 4).  Whether the backwater-influenced, downstream reach 
has the competence to move substantially coarser sediment remains to be seen. 
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7. CONCLUSIONS 
This study characterizes river response to removal of a run-of-river dam with a 
sand-filled impoundment (Figure 15). The response of the Souhegan River was extremely 
rapid, reaching the new base level in the upstream section and reaching pre-removal 
grades in the downstream section a year after the removal and in some locations sooner 
(Figures 10-13). The rapid erosion of the large quantities of sediment from the project 
reach occurred in a low gradient river. The response was accelerated by higher than 
average baseflows and frequent floods on the Souhegan River during the study period 
(Figure 9b). Numerous channel forming events (1.5- to 2-year discharges) occurred after 
the removal and are important for river response to dam removal. Recent studies suggest 
that floods in this size range are increasing in magnitude and frequency in New England 
in recent years (Collins, 2009; Armstrong et al., 2010). More frequent channel forming 
flows will allow reaches of all types to respond more quickly to future dam removal 
projects.
 In the impoundment reach, the Souhegan River from August 2008 to August 2009 
responded to a 3.9 m base level lowering by incising the impounded sediments, widening 
the banks, recruiting LWD via bank widening, and armoring the uppermost section 
(Figure 15).  The dominant grain size in the impoundment reach before the dam removal 
was sand, but after dam removal the majority of the impoundment coarsened with 
bedrock reaches at the first 0.1 km of the study area and at the 0.1 km of the former dam 
site, and gravel sized sediment in the rest of the former impoundment, with the exception 
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of MVD04 remaining sand dominated (Figure 13). The slope of the river has changed at 
the head of the impoundment from a shallow (0.0009) slope to a much steeper (0.011) 
slope.
 Most of the response in the downstream section was limited to the dynamic cross 
sections of MVD09 and MVD10 (Figure 15). These cross sections immediately aggraded 
between 1.0 to 3.5 m, or a net 23,500 metric tons (18,500 m3), during a Merrimack River 
backwater flood. The Souhegan River in this reach subsequently eroded and narrowed 
over the following year, removing approximately 46% of the sediment from the initial 
pulse and returning nearly to the pre-dam grade. 
 The entire study area has reached a quasi-equilibrium. The base level control at 
MVD08 prevents further incision of the impoundment reach and average flows on the 
Souhegan are not competent enough to degrade the vegetation collecting on the banks as 
demonstrated by the minor change between the July and August 2009 cross section 
surveys (Figure 11a)—a time in which flows for these months were higher than average 
(Figure 9). Both of these suggest that any further response in the upstream reach will be 
event-driven widening (Figure 1). The rapid return of the downstream reach to pre-
removal grade suggests that the delivery of sediment from the dam-removal did not 
substantially perturb the pre-removal regime of the reach. Further change in this reach 
will also be event-driven and Merrimack River backwater flooding will be a prominent 
control on when sediment can leave the system. 
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7.1 Lessons for Future Dam Removals  
 Over the course of our study, we were able to document the response of a sand-
bedded impoundment to the removal of a low head, run-of-river dam with no intensive 
sediment management (e.g., sediment dredging).  The following observations are useful 
for planning similar projects in similar settings. 
 Bedrock controls at the dam site and upstream of the impoundment substantially 
constrain impoundment response and increase prediction confidence. 
 Large quantities of sand delivered to a low gradient reach subject to episodic 
backwatering (either fluvial or tidal) can be remobilized relatively rapidly when 
small floods occur frequently after project completion. 
 The project engineers were able to employ existing rudimentary methods for 
estimating impounded sand-size sediment volumes. They computed a stored 
sediment volume via a simple depth-to-refusal survey (Gomez and Sullivan, 
2006). Their estimate of 62,000 m3 closely matches an independent estimate via 
GPR (Santaniello et al., 2010). The project engineers were also able to estimate 
the quantity of sediment likely to be eroded in the near term was also 
rudimentary, but also accurate and appropriate. Their estimate that approximately 
67% of the stored sediment would erode in the near-term was based on estimates 
of the post-project channel gradient and bankfull channel width. Our data, which 
shows that approximately 65% of the stored sediment has eroded after the first 
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year, confirm the estimate and support the use of these methods in similar studies 
to aid in predicting the outcome of dam removals  
 Many sand-filled New England impoundments are dynamic when the dams are in 
place.  Flood events frequently scour impounded sediments and transport them 
downstream.  Low-head, run-of-river dams can be inefficient sediment traps—
even for some bedload size fractions. 
 The dam removal monitoring methods outlined by Collins et al. (2007) provide a 
simple, but efficacious, set of physical monitoring parameters for quantifying 
channel response. 
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Appendix 1. MVD02A left bank photo points.
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Appendix 1. MVD02A right bank photo points.
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Appendix 1. MVD02B right bank photo points.
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Appendix 1. MVD03 left bank photo points.
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Appendix 1. MVD03 right bank photo points.
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Appendix 1. MVD04 left bank photo points.
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Appendix 1. MVD05 old left bank photo points.
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Appendix 1. MVD05 right bank photo points.
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Appendix 1. MVD07 Left bank photo points.
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Appendix 1. MVD07 wetland left bank photo points.
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Appendix 1. MVD07 Right bank photo points.
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Appendix 1. MVD07 wetland Right bank photo points.
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Appendix 1. MVD09 Left bank photo points.
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Appendix 1. MVD09 Right bank photo points.
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Appendix 1. MVD10 Left bank photo points.
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Appendix 1. MVD10 Right bank photo points.
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Appendix 1. MVD11 Left bank photo points.
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Appendix 1. MVD11 Right bank photo points.
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Appendix 1. MVD12 Left bank photo points.
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Appendix 1. MVD12 Right bank photo points.
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Appendix 2. Frequency and cumulative percent finer grain size data for cross sections 
MVD02A through MVD07 during the survey interval of June, 2008. 
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Appendix 2. Frequency and cumulative weight percent finer for cross sections 
MVD08 through MVD12 for survey interval of June 2008. 
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Appendix 2. Frequency and cumulative weight percent finer for cross sections 
MVD05 through MVD12 for the survey interval of August 2008.
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Appendix 2. Frequency and cumulative weight percent finer for cross sections 
MVD05 through MVD09 for survey interval August 2009. 
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Appendix 3. Wolman pebble counts for August 2008 and 2009
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Appendix 4. Dry bulk density samples 
Cross 
section 
Thickness 
fraction 
Sample
depth 
(cm) 
Bulk
density Average 
Standard 
deviation 
MVD02A 1 3 
1.33 
1.3 0.0065 1.34 
1.34 
MVD03 0.531 25 
1.38 
1.3 0.031 1.32 
1.34 
MVD03 0.469 45 
1.28 
1.3 0.010 1.28 
1.30 
MVD04 0.205 35 
1.41 
1.4 0.021 1.42 
1.45 
MVD04 0.180 65 
1.00 
1.1 0.088 1.11 
1.17 
MVD04 0.0768 75 
1.31 
1.3 0.0086 1.30 
1.29 
MVD04 0.2411 117 
1.29 
1.2 0.063 1.17 
1.26 
MVD04 0.169 145 
1.43 
1.4 0.033 1.36 
1.39 
MVD04 0.128 165 
0.89 
1.0 0.13 0.98 
1.15 
99 
Cross 
section 
Thickness 
fraction 
Sample
depth 
(cm) 
Bulk
density Average 
Standard 
deviation 
MVD05 0.124 30 
1.29 
1.3 0.043 1.24 
1.33 
MVD05 0.313 115 
0.89 
1.0 0.13 0.98 
1.15 
MVD05 0.245 180 
1.18 
1.1 0.074 1.06 
1.19 
MVD05 0.176 225 
1.11 
0.9 0.16 0.93 
0.79 
MVD05 0.142 260 
1.23 
1.2 0.014 1.25 
1.25 
MVD06 0.808 100 
1.20 
1.3 0.071 1.30 
1.34 
MVD06 0.192 115 
1.28 
1.3 0.0068 1.29 
1.29 
MVD07 1 100 
1.33 
1.3 0.029 1.31 
1.28 
MVD09 1 22 
1.30 
1.3 0.034 1.24 
1.24 
MVD10 1 30 
1.30 
1.3 0.019 1.27 
1.28 
MVD11 1 23 
1.26 
1.3 0.021 1.27 
1.30 
